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St llllARY
Methanol is an important base chenlcal. Nowadays lt Is produced from synthesis
gas (a mixture of CO, H, and COr) via a gas-sol id process, characterlzed by
passlng synthesis gas through a reactor packed wlth Cu,/ZnO-based catalyst
partlcles at pressures fron 50 - 1OO bar and temperatures frorn 2OO oC to 300
oC. A gas-slurry process, where the synthesis gas is passed through a
suspenslon of srnal l  catalyst part lcles in an inert hlgh-boi l lng l iquid, nay be
an attract ive alternatlve,
Methanol is increasingly nore applied as an octane booster ln gasollne in
order to replace lead containing conpounds to the benifit of the environrnent.
Especial ly ln Gernany and the U.S.A. there ls a strong bel ief that nethanol
can be also ut l l lzed as an economical ly conpetl t ive straight-run vehicle fuel,
offerlng substantial strategic and environrnental advantages. However, at least
15 volume % regular unleaded gasollne has to be added to nethanol in order to
avold technical problems. Unfortunately, methanol-gasoline blends show phase
separation at Iow temperatures, which is disastrous for i ts practial
appl lcat lon. Thls poor low-temperature phase stabl l l ty ls lmproved by adding
higher alcohols to the methanol-gasol ine blends, where the higher alcohols act
as a co-solvent for methanol.
Higher alcohols can be produced via classical petrochenical processes.
However, it is probably nuch nore attractive to produce higher alcohols and
methanol simultaneously from synthesis gas by implementation of a suitable
catalyst in a modif ied gas-sol id (or gas-s1uruy) methanol process. Currently,
tgro types of catalyst systens are nainly of potentlal industr ial interest,
i .  e. alkal i-promoted and cobalt-nodif ied CWZnO/AI"O. nethanol catalysts.
Kinetic infornation is essentlal in deslgning a rnethanol-higher alcohol
process and to study i ts feasibl l l ty. Therefore, the main objective of this
thesls is to study the klnetics of the rnethanol-higher alcohol synthesis over
both a Cs-promoted Cu/ZnO/AL.O. - and a Cu/Co/ZnO/ALzO3 catalyst.
Reactlon nechanisms relevant for the methanol-higher alcohol synthesis are
reviewed in Chapter 2. Reaction mechanisns for the methanol synthesis and the
water-gas-shif t  reaction over CulZno-based catalysts appear to be relat ively
well establlshhed. The higher alcohol synthesis over Cu/ZnO-based catalysts
can proceed via an aldol condensation or a CO-insert lon mechanisn. No reaction
mechanlsms are available for the sinultaneous forrnation of hydrocarbons.
CH--lnsert ion in metal-alky} bonds is proposed as the mechanism for chain2
growth over Cu,/Co,/Zn0-based catalysts. Subsequent hydrogenation/
dehydrogenation or CO
or higher alcohols, r
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dehydrogenat ion  or  CO- inser t ion  resu l ts  in  the  fo rmat ion  o f  para f f ins /  o le f ins
o r  h i g h e r  a I c o h o I s ,  r e s p e c t i v e l y .
Chap te r  3  p resen t s  k i ne t i c  daLa  f o r  t he  gas -so l i d  me thano l -h i ghe r  a l cohoL
synthesis over a Cs-Cu/ZnO/A1rO. cala lyst .  Methanol  appears to be the main
p roduc t .  Fu r t he r ,  d ime thy l  e t he r ,  h i ghe r  1 -a1coho1s ,  2 -ne thyJ . -1 -a l coho l s ,
me thy l  es te r s ,  n -pa ra f f i ns ,  CO,  and  H rO  we re  f o rmed .  L i t e ra tu re  node l s  appea r
to  p red i c t  t he  measu red  p roduc t  d i s t r i bu t i on  o f  t he  a l coho l s  on l y  mode ra te l y
and  do  no t  i nc l ude  t he  s imu l t aneous  f o rma t i on  o f  hyd roca rbons .  A  new  reac t i on
ne two rk ,  t ak i ng  t he  l a t t e r  i n t o  accoun t ,  i s  p roposed .  The  resu l t i ng  node ) .
p roves  t o  be  supe r i o r  t o  a I l  ex i s t i ng  l i t e ra tu re  mode l s  and  g i ves  accu ra te
p red i c t i ons  o f  a l l  measu red  p roduc t  d i s t r i bu t i ons .  Ca ta l ys t  deac t i va t i on  t u rns
o u t  t o  b e  e s p e c i a l l y  s e r i o u s  f o r  t h e  p r o d u c t i o n  o f  h i g h e r  a l c o h o l s .  H i g h
pressures and high temperatures appear to resul t  in h igh carbon conversion
ra tes .  The  h i ghe r  a l coho l :me thano l  r a t i os  i n  Lhe  p roduc t  gas  i nc rease  w i t h
i nc reas ing  t empe ra tu res  and  dec reas ing  space  ve loc i t y ,  whe reas  h i gh  p ressu res ,
I ow  H  /CO ra t i os  and  Low  C0  concenL ra t i ons  f avou r  h i gh  h i ghe r2 2
a l coho l  :  hyd roca rbon  ra t i os .
Chap te r  4  dea l s  w i t h  t he  k i ne t i c s  o f  t he  gas -so l i d  me thano l -h i ghe r  a l coho l
synthesis over a Cu/Co/ZnO/A,LzO3 catalyst .  Methanol  was the main product ,
w h e r e a s  h i g h e r  1 - a l c o h o l s ,  Z - m e l h y l - 1 - a I c o h o I s ,  m e t h y l  e s t e r s ,  n - o I e f i n s ,
n-paraf f ins,  CO_ and H_O were analyzed as secondary products.  The avai lable2 2
l i t e ra tu re  mode l s  appea r  t o  p red i c t  t he  measu red  p roduc t  d i s t r i bu t i ons  o f  t he
a l coho l s ,  o l e f i ns  and  pa ra f f i ns  poo r l y ,  because  o f  t he  assump t i on  o f  a  s i ng le
g row ing  ca rbon  cha in  a t  t he  ca ta l ys t  su r f ace  on l y .  A  new  reac t i on  ne two rk ,
based  on  t he  p resence  o f  t h ree  d i f f e ren t  g row ing  ca rbon  cha ins ,  i s  p roposed .
The  resu l t i ng  node l  i s  shown  t o  p red i c t  t he  measu red  p roduc t  d i s t r i bu t i ons
accu ra te l y .  The  ca ta l ys t  t u rns  ou t  t o  be  reasonab l y  s t ab le  w i t h i n  2500  h r s .
Ca rbon  conve rs i on  ra tes  appea r  t o  i nc rease  w i t h  i nc reas ing  p ressu re  and
inc reas ing  t enpe ra tu re .  The  h i ghe r  a l coho l : ne thano l  r a t i os  a re  ha rd l y  a f f ec ted
by  t he  p rocess  cond i t i . ons ,  whe reas  Lhe  h i ghe r  a l coho l :  hyd roca rbon  ra t i o
i nc reases  w i t h  i nc reas ing  p ressu re ,  i nc reas ing  t enpe ra tu re  and  dec reas ing
H . /C0  ra t i o .  The  Cu . /Co , tZnO/A l , 0  ca ta l vs t  t u rns  ou t  t o  be  l ess  su i t ab le  f o r2 2 3 -
t he  me thano l -h i . ghe r  a l coho l  syn thes i s  t han  t he  Cs -O lZnO/A I rO ,  ca ta l vsL  ( see
Chap te r  3 ) ,  because  o f  r e l a t i ve l y  l ow  ca rbon  conve rs i on  ra tes  and  re l a t i ve l y
I ow  h i ghe r  a l coho l :  hyd roca rbon  ra t i os .
The  k i ne t i c s  o f  t he  gas -s l u r r y  me thano l -h i ghe r  a l coho l
Cs -Cu /ZnO/A l_O^  ca ta l ys t ,  conc luded  i n  Chap te r  4  t o  be  t he
p resen ted  i n  Chap te r  5 .  The  p roduc t  d i s t r i bu t i on  mode l
synthesis over a
L ^ ^ l  ^ ^ + ^ 1 , , - +  t ^
w g s L  u d L d t y S L ,  I b
proposed for the
gas-sol id system in Chapter 3 also predicts the measured gas-slurry product
dlstr ibutlons accurately. The presence of n-octacosane as a slurry l iquid
appears to affect the product distr ibutions and the catalyst aging patterns
substantial ly. However, the catalyst performs less ln the slurry relat ive to
the gas-sol id systen, because of Iower carbon conversion rates, iower higher
alcohol: methanol rat ios and lower higher alcohol: hydrocarbon rat ios.
From the above Chapters the gas-solid process, using a Cs-Cu/ZnO/AI2O3
catalyst, appears to be the nost attract ive for the nethanol-higher alcohol
synthesis. I ts " long-tern" performance in an integral f ixed-bed reactor regime
under constant, industr ial attract ive process condit ions (3OO oC, 70 bar,
H^/CO = ! L) is the subject of Chapter 6. The catalyst showed a reasonable2
s tab i l i t y  w i th  a  deac t iva t ion  o f  about  15  % in  310 hrs .  The se lec t iv i t ies  were
O.49,  O.15 ,  0 .094,  O.046 and O.22 to  rne thano l ,  h igher  a lcoho ls ,  hydrocarbons ,
other oxygenates (nainly dinethyl ether + methyl esters) and CO.,
respectively, at a CO conversion of 25 %. The dif ferential reactor regime
nodel of Chapter 3 appears to give also reasonably accurate predict ions for
the integral reactor regine, despite the high CO conversions.
The poss ib le  impact  o f  the  resu l ts  ob ta ined in  th is  thes is  a re  quaL i ta t i ve ly
discussed in Chapter 7. For the t ime being, the gas-sol id process, using a
Cs-Cu/ZnO/Al-O_ catalyst in a (close to isothermal) nult i- tube reactor at a2 3
temperature of t  573 K, a pressure of + 70 bar, a space velocity of + O.4x1O-3
Nm3 kg-1. s-1 and a H-/CO ratio of t  1, is concluded to be close to optimal
- c a t  2
for the nethanol-higher alcohol synthesis. Based on the carbon conversion
rates, a nethanol-higher alcohol reactor has to be about three t irnes larger
than a low-pressure rnethanol reactor at sirni lar production capacity. A further
modif icat ion needed in the synthesis loop relat ive to the nethanol process is
the removal of CO_ fron the recycled product gas. A prel iminary estinate shows2
that a methanol-higher alcohol mixture can be produced for a price, which is
about a factor 1.4 higher than the price of pure methanol (per kg). For
comparison, this factor is 2.6 for lethyl tert iar lutyl ether (MTBE: appl ied
as an octane booster in gasol ine), and ranges from 3,5 - 7 for pur.e Ca*
alcohols produced via classical petrochemical processes. Hence, both the
production of a nethanol-higher alcohol nixture as welI as the co-production
of nethanol and pure higher alcohols via a gas-so1id process, using a
Cs-Cu/ZnO/AI-O_ catalyst, seen to be econonical ly feasible. Further2 3
improvement of both the catalyst stabi l i ty and selectivi ty are key paraneters
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